The markedly high levels of polymorphism present in classical class I loci of the human major histocompatibility complex have been implicated in infectious and immune disease recognition. The large numbers of alleles present at these loci have, however, limited efforts to verify associations between individual alleles and specific diseases. As an approach to reduce allele diversity to hierarchical evolutionarily related groups, we performed phylogenetic analyses of available HLA-A, B and C allele complete sequences (n = 216 alleles) using different approaches (maximum parsimony, distance-based minimum evolution and maximum likelihood). Full nucleotide and amino acid sequences were considered as well as abridged sequences from the hypervariable peptide binding region, known to interact in vivo, with HLA presented foreign peptide. The consensus analyses revealed robust clusters of 36 HLA-C alleles concordant for full and PBR sequence analyses. HLA-A alleles (n = 60) assorted into 12 groups based on full nucleotide and amino acid sequence which with few exceptions recapitulated serological groupings, however the patterns were largely discordant with clusters prescribed by PBR sequences. HLA-B which has the most alleles (n = 120) and which unlike HLA-A and -C is thought to be subject to frequent recombinational exchange, showed limited phylogenetic structure consistent with recent selection driven retention of maximum heterozygosity and population diversity. Those allele categories recognized offer an explicit phylogenetic criterion for grouping alleles potentially relevant for epidemiologic associations, for inferring the origin of MHC genome organization, and for comparing functional constraints in peptide presentation of HLA alleles.
Introduction
The human major histocompatibility complex (MHC) is a multi-gene family comprised of several loci which are marked by unusually high levels of polymorphism. 1, 2 Class I genes (HLA-A, -B and -C) encode molecules which present antigenic peptides on the cell surface for recognition by CD8+ T cells. Previous research with class I loci indicate a correlation between specific alleles and the genetic basis of resistance to particular diseases. [3] [4] [5] [6] However, the relationships uniting each of the alleles at these loci are less clear. Competing processes of selection, recombination, functional constraints, and mutation rates obscure efforts to identify groups of alleles involved with specific diseases. 2, 7, 8 The majority of polymorphic sites in class I alleles are found in exons 2 and 3 which code for the alpha 1 and alpha 2 domains of the mature protein. These domains form the peptide binding region (PBR). 9, 10 Fifty-seven residues within the PBR have been identified as being
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The publisher or recipient acknowledges the right of the US Government to retain a non-exclusive, royalty-free license in and to any copyright covering the article. This project has been funded in part with Federal funds from the National Cancer Institute, National Institutes of Health, under Contract No. NO1-CO-56000. critical for peptide binding and are therefore thought to be critical for T cell recognition 9 and represent the functional part of the molecule. Further, patterns of mutational substitutions within the PBR have affirmed the strong role of historic selection pressures in preserving functional variation, likely with peptide binding consequences, for this region. 8, [11] [12] [13] To date there are some 108 HLA-A, 223 HLA-B and 67 HLA-C alleles which have been classified into groups or families on the basis of serological reactivity.
14 For example, HLA-A alleles separate into six serological families; A1/3/11, A9, A2/28, A10, A19 15 and A80. 16, 17 A small number of studies describe some possible molecular relationships among HLA-A, -B and -C alleles respectively. A preliminary analysis of available cDNA sequences of alleles of the HLA-Aw19 complex (A29, A30, A31, A32 and A33) reveal that, with the exception of A30 (which is genetically related to the A1/A3/A11 group), seven nucleotides are specific to this group. 15 Further, these Aw19 specific positions were spread over all exons except for the highly variable exon 2. Similarly, an analysis of the nucleotide sequence relationships among 16 HLA-A alleles using maximum parsimony suggest these alleles cluster according to serological typing, again with the exception of A30 which grouped with the A3/11/1 family. 18 However, this study is limited by assessment of a single allele from each serological grouping and a lack of statistical analysis of the phylogenetic clusters. Likewise, an analysis of complete cDNA sequences of 14 HLA-C alleles revealed that HLA-C alleles divide into two groups, one comprising the Cw7 sero-type, and the other group including all remaining alleles. 19 These and other studies have sought to elucidate the sequence relationships of a subset of HLA class I alleles by parsimony or distance-based phylogenetic methods. 20, 21 The extensive polymorphism in HLA class I genes is thought to increase the repertoire of immune responses which an individual can mount. Generation and maintenance of polymorphism at these loci appear to be the result of selection, interallelic recombination or gene conversion. [22] [23] [24] Present allelic variation has been studied extensively to reveal possible associations between disease susceptibility/resistance or disease progression and specific HLA alleles. HLA associations have been identified for several infectious diseases including malaria and HLA-B53, 3, 4 chronic arthritis and HLA-B27 6 and various HLA alleles and the rate of disease progression in HIV. 5 The large number of class I alleles is responsible, at least in part, for low levels of statistical confidence for reported associations plus the failure to reproduce epidemiological efforts in parallel studies. Here we describe a series of phylogenetic analyses of all complete HLA class I allele sequences to identify alleles with a common evolutionary history. These analyses use patterns of mutations to establish a hierarchical system of grouping alleles. Whilst any groups identified may reflect evolutionary relationships among alleles, they may not necessarily reflect functional relationships. Hughes et al 25 suggest that there is a relationship between the PBR region of HLA molecules and their role in disease processes. Since the majority of genetic polymorphism between class I alleles is found in the 57 functional residues of the PBR, a region implicated in antigen presentation and disease association, it was of interest to compare phylogenetic relationships among the functional residues of the PBR as well as the complete sequences.
Here we report a comprehensive phylogenetic analysis of currently available HLA-A, -B and -C alleles using maximum parsimony, distance-based and maximum likelihood phylogenetic methods. Analysis was performed for each locus using the complete cDNA sequences, complete amino acid sequences, and the cDNA and amino acid sequences for the 57 functional residues of the PBR. The phylogenetic patterns seen provide a formal basis for evolutionarily-based groupings of HLA class I alleles plus identify some clusters of alleles that can be assessed in disease associations based upon well supported phylogenetic associations.
Results
Separate phylogenetic trees for HLA-A, -B and -C loci were generated for nucleotide and amino acid alignment of alleles. A total of five methods of analysis consisting of minimum evolution (ME), maximum parsimony (MP) and maximum likelihood (ML) with nucleotide and ME and MP with amino acid data were performed. Trees generated using complete sequence data were compared and alleles which consistently clustered together by all methods were designated as being a member of a particular group. Concordance between these groupings and the results of analyses performed using the PBR sequences only were then investigated. The results of these comparisons are listed in Tables 1, 2 and 3 for HLA-A, -B and -C alleles, respectively. These tables list the bootstrap values (as an indication of confidence for the divergent nodes) generated by the ME and MP analyses and significant associations by the ML method. Only ME trees of nucleotide data are presented as figures in this manuscript. ME trees of amino acids and MP and ML trees can be viewed on the Laboratory of Genomic Diversity (LGD) web site which is located at http://Igd.nci.nih.gov
HLA-A
Complete sequence analyses: All five methods of phylogenetic analysis using complete nucleotide and amino acid sequences of HLA-A alleles exhibited a consistent pattern among trees ( Figure 1a , Table 1, LGD web site). Phylogenetic analyses resulted in a basal bifurcation. Of the two major evolutionary groups formed, the first includes alleles of serological families A1, A36, A11, A3, A9, A-8001 and two of ten A19 alleles (herein designated A19 ٙ ). Specific alleles included in each serological family are indicated in Figure 1a after Bodmer et al. 14 Within this HLA-A lineage, additional resolution occurred, highly supported by bootstrap values, in accordance with recognized serological terminology. Thus, all five complete sequence topologies depicted the A9 family as a separate subgroup as well as a consistent close association between A1 and A36 allele families ( Table 1) . Three of five analyses indicated an additional association between A1, A11 and A36 families. The single allele of the A80 family (A-8001) was placed within this evolutionary cluster in all analyses except the distance-based phylogeny of amino acids.
The second major evolutionary lineage within HLA-A consisted of families A2, A28, A10, A4301, and the remainder of the A19 family identified as A19Љ ( Figure  1a ). Although the relative branching order uniting these distinct families varied with the five methods employed, the integrity of the family groupings was well-supported by high bootstrap values ( Table 1 ). The most consistent findings for higher-order clustering were the inclusion of A4301 with A10 alleles and the close association between the A2 and A28 families.
Analyses of PBR sequences:
Comparisons among the five trees generated from sequence data for the 57 residues of the PBR using the same phylogenetic approaches indicated a less consistent pattern among themselves than the complete sequence data ( Figure 1b , Table 1, LGD web site). In the five trees, with the exception of A19 ٙ , and to a lesser extent, A2, A3, and A11, only minimal measures of support for clustering alleles into previously established families implicated by the complete sequences analyses were recapitulated. The remainder of the PBR analyses resolved sporadically additional associations within and between families but were not consistent among the five methods using PBR residues (Table 1) . These consisted of the A1 family, and higher order affiliations of A1, A36 and A11 families and the inclusion of A8001 within the major lineage of A1, A3, A36, A11, A19
ٙ and A9 families. No phylogenetic associations were apparent in the analyses of the PBR which were not already observed in analyses of complete sequence data.
HLA-B
Complete sequences analyses: Results of the analysis of complete HLA-B sequences exhibited minimal statistically supported phylogenetic structure ( Figure 2a , Table 2, LGD web site). No consistent higher-order structure among serological groupings across the four different methods (ME and MP using nucleotide and amino acid sequences) was defined as nearly all internal nodes collapsed in the bootstrap analyses. However, some phylogenetic associations were apparent at terminal nodes of the trees that corroborate serological nomenclature.
Seven groups (B8, B13, B44(12), B50(21)+B49(21)+B45(12), B57, B18 and B14) totaling 21 alleles formed well supported clades in all four trees; one group (B58, two alleles) was present in three of four trees and five groups (B60, B27, B40(61), B63(15) and B78) totaling 21 alleles were derived in two of four analyses (Table 2) . Associations were implied among a further nine groups of alleles (Table 2) in one or more of the analyses but boot- strap support for these clades was minimal. The clusters of alleles, in general, reflected serological nomenclature. However, 38 alleles from various serofamilies remained unaligned.
Analyses of PBR sequences:
Phylogenetic structure was systematically reduced in the four analyses of the PBR sequences relative to that of complete sequence data ( Figure 2b , Table 2, LGD web site). With the possible exception of B8, B78 B14 and B18 families, there was no consistent tree topology among the methods and little association was seen between alleles even at terminal nodes (Table 2) . Moreover, three serological families (B60, B18 and B14) exhibited a trend whereby translation into amino acids improved phylogenetic associations based on the PBR residues. Again, as with HLA-A, no additional phylogenetic associations were observed in PBR analyses that were not apparent in the analyses of the complete sequences.
HLA-C

Complete sequence analyses:
The phylogenetic analyses of complete sequences of HLA-C alleles exhibited high fidelity consistent across all methods between evolutionary associations and serological nomenclature (Figure 3a , Table 3 , LGD web site). Phylogenetic reconstruction resulted in HLA-C alleles forming 12 significant clusters which, in general, were well supported by strong bootstrap values. Cw14 and Cw1 alleles clustered together in all trees but was only supported statistically in the ML tree and by high bootstrap values in the ME analysis of amino acid sequences. Cw18 and Cw4 alleles formed a clade in all trees but the association was only significantly supported in the ML analysis. The five trees failed to produce a consistent pattern between group topological hierarchy consistent with recent divergence of these modern clades.
Analyses of PBR sequences:
Trees derived from analysis of sequences from the 57 residues of the PBR, in general, matched those from the complete sequences analyses (Figure 3b , Table 3, LGD web site). The PBR analyses differed by having lower bootstrap values, particularly for groups formed by Cw4 and Cw15 alleles (Table 3) . Cw16 alleles were only associated in the ME analysis based on amino acid sequences and the ML analysis. In addition, Cw14 and Cw1 alleles formed unsupported clusters in both ME analyses and the ML analysis but were not associated in the MP analyses. The predicted association by complete sequence analyses between Cw5 and Cw8 alleles was only detected in the ML analysis of PBR sequences. Because of the high fidelity seen in comparisons of analyses of complete sequence data with that of just the PBR we analyzed sequences with the PBR removed. These analyses also, in general, recapitulated strong associations between alleles of the same serotype ( Figure  3c , Table 3 ), suggesting that both PBR and non-PBR residues contribute to the overall phylogenetic association of HLA-C alleles.
Discussion
HLA-A
On the basis of complete nucleotide sequences, previous reports indicate that HLA-A alleles can be grouped into six families (A2/28, A1/3/11, A9, A10, A19 and A80) and these families correlate with the cross-reacting groups of antigens defined by serology. 15 In this study we employ rigorous phylogenetic analyses of complete molecular sequences of HLA-A alleles and confirm that the A19 family does not form one closely related clade. In fact, analyses of complete sequence data show that A19 alleles divide into two divergent groups in support of Kato et al 15 findings suggesting a more complex evolutionary history.
The consistent pattern seen among the five phylogenetic methods used based on complete sequences was not reflected in those based on the 57 residues of the PBR. This discrepancy suggests that the variation seen in the functional part of HLA-A molecules proceeds under different constraints or at different rates from those represented in the complete sequence data. Possible explanations for the decrease in resolution of the phylogeny when the data from the 57 residues include both low levels of phylogenetically informative substitutions within the PBR and the relative role of selection in maintaining allelic polymorphism. The lack of a consistent pattern in the topology of the five phylogenetic trees as suggested by low bootstrap values within the PBR derived trees, low levels of informative changes, combined with a high number of sequences composed of only 171 nucleotides may cause low phylogenetic resolution of this region. In addition, the putative relationship between functional residues may be due to sequences that are not a consequence of shared ancestry. Recombinational generation of alleles would obscure phylogenetic signal, however evidence for appreciable interallelic exchange has not been observed for HLA-A, as it has for HLA-B. 22 Jakobsen et al 26 have shown that whilst variable sites in HLA-A alleles are distributed along the sequence, the majority of signature sites which identify families are located in exons 1 and 4-8 with few located in regions which code for the PBR. This finding is reflected in the lack of phylogenetic resolution among PBR sequences observed in this study.
HLA-B
The HLA-B locus is the most polymorphic class I MHC locus. ME and MP analyses of complete nucleotide and amino acid sequences of HLA-B alleles reveal no consistent pattern of overall tree topology among the methods. There was a general lack of bootstrap support for the structure of any of the trees. However, some consistent relationships among some alleles are indicated. There are seven strongly supported clades representing 21 alleles which can be interpreted as being phylogenetically related.
Analyses of PBR sequences of HLA-B alleles revealed essentially no detectable phylogenetic relationships between them. This was not surprising since interallelic recombination at the HLA-B locus occurs disproportionately in tracts such as exon 3 that contain codons which code for the PBR. 22, 23 A comparison of genetic variation in exons 2 and 3 between chimpanzees and humans indicates high sequence conservation in exon 2 but little similarity in exon 3. 27 Additionally, neighbor-joining analyses of exon 2 and 3 sequences of HLA-B35 and HLA-B15 alleles revealed that alleles clustered together in accordance with serotype for exon 2. In contrast, these relationships were not recapitulated in the exon 3 phylogeny. 28 Further, the HLA-B locus is known to have undergone high levels of interallelic recombination for over 5 million years. 22, 23, 29 This extensive evolutionary reassortment of variation among different alleles most likely explains the lack of comprehensively identifiable evolutionary relationships.
HLA-C
In general, phylogenetic analyses using both complete sequence data, PBR sequences and sequences excluding the PBR, showed that HLA-C alleles cluster together consistent with designated serological types. This pattern is in contrast to that seen for HLA-A and particularly HLA-B alleles. Sequence analysis suggests HLA-C is more closely related to HLA-B than HLA-A and indicates the HLA-C locus may have arisen as a duplication of HLA-B.
24 HLA-C homologues have been identified in the chimp 30, 31 and gorilla 19 but are not found in genome or transcript searches of Asian apes (Old World primates, orangutans, gibbons or rhesus monkeys). The suspected recent origin of the HLA-C locus may explain the more conservative nature of the phylogenetic analyses presented here.
HLA-C has lower cell-surface expression that HLA-A or HLA-B 32 and as such has not been the subject of intense interest in the past. Recently however it has been shown that HLA-C products are involved in NK cell regulation. 33 Therefore, an alternative explanation for the general concordance seen in the phylogenetic relationships of HLA-C alleles based on complete sequence and sequence of only the 57 residues of the PBR may be that the HLA-C locus has a specific role and as such is not under the same selective pressure as the other classical class I loci, in particular the HLA-B locus.
Conclusion
The phylogenetic analyses presented here of three class I HLA loci each represent unique evolutionary properties of the MHC. Contrasting patterns of phylogenetically informative substitutions between complete sequences and PBR sequences implicate the relative importance of selection, recombination and evolutionary history in maintaining differential levels of polymorphism among the three loci. In particular, HLA-B alleles are remarkably polymorphic, with less evidence of patterns for uniting alleles into families than for HLA-A and HLA-C alleles. Recombination has seemingly partially obscured substitutions which reflect shared historical patterns. In contrast, HLA-A and HLA-C are not undergoing such levels of recombination, yet exhibit markedly different levels of concordance between serological typings, complete sequence phylogeny and relationships derived from analyses of the PBR.
The phylogenetic depiction of the discordance between the PBR and the complete sequence data for HLA-A is reminiscent of selection maintaining polymorphism in the PBR. In contrast, the concordance between the PBR and the entire sequence of HLA-C may indicate recent ancestry or a specialized and specific role for the locus.
It is clear from the results of this study that phylogenetic analyses of HLA-B alleles can provide only limited insight into possible groupings of alleles with common evolutionary history. This is not unexpected, as previous studies have highlighted the high levels of recombination at this locus. 22, 23 However consistent clusters of HLA-C and to a lesser extent HLA-A alleles identified by these phylogenetic analyses indicate evolutionarily-related groups which can now be used to investigate epidemiological associations.
Materials and methods
Sequences
HLA alleles used in the analyses were obtained from the American Society for Histocompatibility and Immunogenetics (ASHI) web page located at http://www.swmed.edu/homeFpages/ASHI/ sequences/seq3/htm Sequences obtained from the ASHI web page were previously aligned using the Genedoc Multiple Sequences Alignment Editor by P Parham. Only alleles for which the complete sequence was available in August 1998 were included in this study, ie, 60, 120 and 36 alleles were retrieved for HLA-A, HLA-B and HLA-C, respectively. Rhesus macaque sequences used as outgroups for HLA-A and HLA-B analyses were obtained from Genbank with accession numbers U41832 and U41829 respectively. Chimpanzee and gorilla sequences (Genbank accession numbers D11383 and X60251 respectively) were used as outgroups for HLA-C analyses as these are the only two species for which loci homologous to HLA-C have been identified.
Phylogenetic analyses
Phylogenetic trees were constructed using three methods: ME using the distance measures of Tajima-Nei for nucleotide data which assumes unequal base frequencies 34 and mean character difference for amino acid data as implemented by PAUP* (by permission of D Swofford), MP 35 and ML (nucleotide sequences only) 36 for HLA-A, -B and -C alleles with one exception. ML analysis was not performed using the HLA-B data set due to the extensive computational time required. These three methods, based on different models of evolution, do not necessarily derive the same topologies. [37] [38] [39] [40] [41] Thus, we interpret congruent phylogenetic associations from the three methods as the best estimates of the true phylogeny. 42 ME and MP analyses of nucleotide and amino acid data were performed using PAUP* (by permission of D Swofford) MP analyses of nucleotide data were performed using conditions of simple addition of sequences, general heuristic search, and branch swapping using the nearest neighbor interchange. ML analyses were conducted using the DNAML program in PHYLIP version 3.5 using the empirical frequencies of nucleotide bases and the global search option. 37 Bootstrap resampling analyses (100 iterations) in conjunction with ME and MP were performed to test for the reliability of the data to recapitulate the same topology. Bootstrap values Ͼ70% were considered to indicate strong support for that node. 43, 44 
